Stepped spillway flows may behave as a succession of free-falling nappes at low flows and as a skimming flow at large discharges. However there is a range of intermediate flow rates characterised by a chaotic flow motion associated with intense splashing: i.e. the transition flow regime. Detailed air-water flow properties in transition flows were measured in two large experimental facilities. The results provide a complete characterisation of the air concentration, velocity and bubble count rate distributions. They highlight some difference between the upper and lower ranges of transition flows in terms of longitudinal free-surface profiles and air concentration distributions. Overall a dominant feature is the very-strong free-surface aeration, well in excess of observed data in smooth-invert and skimming flows.
Introduction
In a stepped chute, low flows behave as a succession of freefalling nappes: i.e. the nappe flow or jet flow regime (e.g. Horner, 1969) . For a given step and chute geometry, large flows skim over the pseudo-invert formed by the step edges: i.e. the skimming flow regime. The cavity formed by the steps is filled and strong cavity recirculation is observed beneath the main stream (e.g. Rajaratnam, 1990) . The conditions for the transition from nappe to skimming flows were discussed by Chanson (1996) and Chamani and Rajaratnam (1999) who used the term "onset of skimming flow". Few researchers discussed specifically the transitory flow conditions between nappe and skimming flow: e.g. Elviro and Mateos (1995) . Ohtsu and Yasuda (1997) were the first to define the concept of a "transition flow" regime although they did not elaborate on its flow properties. Up to date little information is available on transition flows.
It is the purpose of this study to provide a comprehensive study of transition flows down stepped chutes. Air-water flow Revision received June 12, 2003 . Open for discussion till June 30, 2004. 43 measurements were conducted in two large facilities with slopes ranging from 3.4 to 22
• and equipped with large step heights.
A detailed characterisation of the air-water flow properties is provided.
Experimental configuration
New experiments were conducted at the University of Queensland in two large-size facilities (Table 1) . One facility was a 24-m long 0.5-m wide channel made of planed wooden boards. Two stepped inverts were used. The flume 1 consisted of ten 0.143-m high, 2.4-m long horizontal steps while flume 2 had eighteen 0.071-m high, 1.2-m long flat steps. For all experiments, the first drop was located 2.4 m downstream of a smooth nozzle, and the channel invert upstream of the vertical drop was flat and horizontal. Water was supplied by a pump, with a variable-speed electronic controller (Taian TM T-verter K1-420-M3 adjustable frequency AC motor drive), enabling an accurate 44 Notes: h = step height; L = chute length; W = chute width.
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discharge adjustment in a closed-circuit system. The flow rates were measured with a Dall TM tube flowmeter, calibrated on site. The accuracy on the discharge measurement was about 2%.
Another channel was 5-m long, 1-m wide. Waters were supplied from a large feeding basin leading to a sidewall convergent. Two slopes were tested. One geometry consisted of a 0.88-m long broad-crested weir with upstream rounded corner followed by nine identical steps (h = 0.1 m, l = 0.35 m) made of marine ply. The second geometry consisted of a 0.6-m long broad-crested weir followed by nine steps (h = 0.1 m, l = 0.25 m). The stepped chute was 1-m wide with perspex sidewalls, followed by a horizontal concrete-invert canal ending in a dissipation pit. The flow rate was delivered by a pump controlled with an adjustable frequency AC motor drive, enabling an accurate discharge adjustment in a closed-circuit system. The discharge was measured from the upstream head above crest with an accuracy of about 2% (Bos, 1976) . Figure 1 illustrates the chute geometry.
Further details on the experimental facilities may be found in Toombes (1998, 2001 ).
Instrumentation and measurement techniques
Clear-water flow depths and velocities were measured with a point gauge and a Prandtl-Pitot tube ( = 3.3 mm) respectively. Air-water flow properties were measured using single-tip and double-tip conductivity probes. For the double-tip probe, the probe sensors ( = 0.025 mm, 7.775 mm spacing between sensors) were aligned in the flow direction. The probes were excited by an air bubble detector (AS25240). The probe signal was scanned at 5 kHz for 60 to 180 s for the single-tip probe and at 20 kHz for 20 to 40 s per sensor for the double-tip probe. The translation of the probes in the direction normal to the channel invert was controlled by a fine adjustment travelling mechanism connected to a Mitutoyo TM digimatic scale unit. The error on the probe position was less than 0.025 mm. The accuracy on the longitudinal position of the probe was estimated as x < ±0.5 cm. The accuracy on the transverse position of the probe was less than 1 mm. Flow visualisations were conducted with a digital video-camera Sony TM CCD TRV900 (shutter: 1/4 to 1/10,000 s) and high-speed still photographs. 
Similitude and scale effects
The study was conducted based upon a Froude similitude. Both facilities were wide enough to achieve two-dimensional flows and measurements were conducted on the channel centreline. The large size of the two experimental facilities in terms of step heights and flow rates ensures that the experimental results may be extrapolated to prototype with negligible scale effects for geometric scaling ratios less than 10 : 1. For larger prototype to model scaling ratios, some scale effects may take place in terms in flow resistance, free-surface aeration and energy dissipation as demonstrated by BaCaRa (1991), Chanson (1997) and Chanson et al. (2000) .
Experimental results: (1) Flow patterns
The facilities were designed to operate with flow conditions ranging from nappe to skimming flow regimes, although the focus of the study was on the transition flow regime. For a given chute geometry, low discharges flowed down the chute as a succession of clear, distinct free-falling nappes (i.e. nappe flow regime). For large discharges, the flow skimmed over the pseudo-bottom formed by the step edges, and the step cavities were filled at each and every step (i.e. skimming flow regime). For intermediate discharges, the flow exhibited strong splashing and droplet ejections at any position downstream of the inception point of free-surface aeration: i.e. the transition flow regime. For an observer standing on the bank, the transition flow had a chaotic appearance with numerous droplet ejections that were seen to reach heights of up to 3 to 8 times the step height. It did not have the quasi-smooth free-surface appearance of skimming flows, nor the distinctive succession of free-falling nappes observed in nappe flows. In transition flows down the steep slopes (α = 16
• and 22
• ), the upstream flow was non-aerated. The free-surface exhibited however an undular profile in phase with and of same wave length as the stepped invert profile (Fig. 1 ). The flow accelerated in the downstream direction until a deflected nappe took place. At take-off, free-surface aeration was observed at both upper and lower nappes with additional air entrainment at the impact followed by jet breakup. Basically the inception of freesurface aeration took place at the first deflected nappe although some bubbles were trapped in cavity(ies) immediately upstream of the nappe take-off. The flow conditions at inception satisfied Fr ∼ 4 (±0.5) for all experiments, where Fr is the flow Froude number at take-off. The observations were very close to both ideal-fluid flow calculations and air-water flow measurements immediately downstream of the inception point. Note that the flow conditions for jet take-off (i.e. Fr > 4) are similar to critical conditions to prevent cavity filling of spillway aeration devices. Chanson (1995a) reviewed the data of Shi et al. (1983) and Chanson (1988) yielding Fr > 3 to 6 to avoid cavity drowning and to observe a free jet. Downstream of the inception point (i.e. first deflected nappe), the flow was highly aerated at each and every step with very significant splashing. The air-water mixture "appears" to flow parallel to the pseudo-bottom formed by the step edges although air cavities existed beneath the nappes. The air cavity shapes alternated from step to step ( 
Experimental results: (2) Upper and lower limits of transition flows
The upper and lower limits of the transition flow regime were recorded. The results are summarised in Table 2 in terms of d c /h as a function of α, where d c is the critical depth, h is the step height and α is the slope of the pseudo-bottom formed by the step edges.
In the flume 1 (experiments CR98), the lower limit of transition flow was detectable, but no detailed air-water measurements were conducted. In the flumes 2, 3 & 4, the upper and limits were clearly, independently detected by several researchers. The writers re-analysed previous experimental observations using the same definitions of nappe, transition and skimming flows. The results are plotted in Fig. 2 where the present data are highlighted with a circle. For all the data, the lower and upper limits of transition flows are best correlated by:
where l is the step length. Equations (1) and (2) 
Transition flow sub-regimes
For a given chute geometry, air-water flow measurements (Figs. 3 and 4) suggested two types of transition flows (i.e. sub-regimes).
Observed thresholds between each sub-regime are summarised in Table 2 (column 5) .
In the lower range of transition flows (sub-regime TRA1), the longitudinal flow pattern was characterised by an irregular alternance of small to large air cavities downstream of the inception point of free-surface aeration (Fig. 1, left) . For example, a small air cavity could be observed followed by a larger nappe cavity at the downstream step, then a smaller one. Air concentration measurements showed flat, straight profiles that differ significantly from skimming flow observations (Fig. 3) . A deflecting nappe (i.e. by-passing flow) was sometimes observed few steps downstream of the inception point (Fig. 1, left, step edge 6 ). Liquid fractions (i.e. (1-C) ) greater than 10% were measured at distances up to 1.5 * d c while some spray overtopped the 1.25-m high sidewalls. The nappe re-attached the main flow at the next downstream step edge and very large air content was observed: e.g. C mean = 0.78 at step edge 6 for d c /h = 0.7 (Fig. 1, left) . At the lowest low rates, more than one deflecting flow was sometimes observed: e.g. at step edges 6 and 8 for d c /h = 0.6 (α = 22
• , run Q16) with C mean = 0.63 and 0.68 respectively. In the upper range of transition flow rates (sub-regime TRA2), the longitudinal flow pattern was characterised by an irregular alternance of air cavities (small to medium) and filled cavities (Fig. 1 Right) . The void fraction profiles had a shape similar to skimming flow observations (Fig. 4) . A comparison between two free-surface profiles is presented in Fig. 1 based upon two sets of experimental observations.
Experimental results: (3) Air-water flow properties

Air concentration and bubble count rate distributions
In the lower range of flow rates (sub-regime TRA1), air concentration distributions exhibited a straight, flat profile. A set of experimental results is presented in Fig. 3 . At most step edges (Fig. 3A and C) , the distributions of air concentration may be fitted by an analytical solution of the air bubble advective diffusion equation:
where y is distance measured normal to the pseudo-invert, Y 90 is the characteristic distance where C = 90%, and K and λ are function of the mean air content only (Appendix). Equation (3) compares favorably with most data, except for the first step edge downstream of the inception point of free-surface aeration and for the deflecting jet flow. Note that Eq. (3) is not valid between step edges (Fig. 3B) .
In sub-regime TRA2, air concentration distributions had a smooth, continuous shape (Fig. 4) . At step edges, the data follow an analytical solution of the air bubble advective diffusion equation:
where K is an integration constant and D o is a function of the mean air concentration only (Appendix) (Fig. 4B and 4D) . A small number of measurements were taken half-distance between two step edges (e.g. Fig. 4A and 4C) . The results suggested consistently a greater overall aeration than at adjacent step edges, and Eq. 2.51 2.55 Location at step edge 1/2 distance between step edges (medium air cavity) at step edge
Overall the data followed approximately a parabolic law:
where F max is the maximum bubble count rate observed for C = 50%. Data are compared with Eq. (5) 
Discussion
Equations (3) and (4) 2.83 2.78 2.83 Location 1/2 distance between step edges (large air cavity) at step edge 1/2 distance between step edges (filled cavity) at step edge bubbles:
where D = D t /((u r ) Hyd * cos α * Y 90 ), D t is the turbulent diffusivity, (u r ) Hyd is the rise velocity in hydrostatic pressure gradient (Appendix). Note that the shape of Eq. (6) is similar to the sediment diffusivity distribution developed by Rouse (1937) which yields to the Rouse distribution of suspended matter (e.g. Nielsen, 1992; Chanson, 1999) .
Velocity distributions
Air-water velocity measurements showed flat, straight velocity profiles at step edges for all flow conditions and for y/Y 90 < 2 Step edge 8
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Step edge 7
Step edge 6
Step edge 5 ( Figs. 3 and 4) . It is believed that large energy dissipation at each step is associated with very-energetic turbulent mixing across the entire air-water flow. In turn the strong momentum mixing yields quasi-uniform velocity profiles. Overall the data at step edges were correlated by: 
Equations (8) and (9) Velocity data in transition flows are somehow similar to (1) detailed air-water measurements immediately downstream of nappe impact in nappe flows (Toombes, 2002) and to (2) airwater data in the impact region of spillway aeration device flows (Chanson, 1988) . Figure 6 compares the latter set of data with Eq. (9). Despite some scatter associated with the crude instrumentation, some agreement is seen.
At half-distance between step edges (Figs. 3B and 4A and C), the velocity distributions showed a marked change from observations at step edges. The data were similar to ideal-fluid flow velocity profiles in free-falling jet downstream of an overfall. Extending the reasoning of Montes (1998, p. 216), the velocity distribution in the jet may be analytically derived as:
where Fr is the inflow Froude number at the upstream step edge. Equation (10) assumes an uniform velocity profile upstream of jet take-off and neglects the effect of an upstream boundary layer.
Figures 3B and 4A and C shows a close agreement between Eq. (10) and the data (sub-regimes TRA1 and TRA2), including above a filled cavity (Fig. 4C ).
Discussion
A characteristic feature of transition flow was the intense splashing and strong free-surface aeration which was observed on all slopes for all experiments. • respectively. Observed air contents in transition flows were about twice to three times larger (Fig. 7) . The flow resistance was estimated based upon air-water flow properties measured at step edges. The Darcy friction factor was calculated as (1 − C) * dy 3 * S f (11) where f e is the Darcy friction factor for air-water flow, g is the gravity acceleration, q w is the water discharge per unit width, S f is the friction slope (S s = −∂H/∂x), H is the total head and x is the distance in the flow direction. The results based upon total head data calculated at step edges are summarised in Table 3 The strong flow aeration and relatively-slow flow velocity (compared to smooth chutes) yield large air-water interfacial area and large residence times. Both contribute strong air-water mass transfer, and it is suggested that the transition flows might be a suitable flow regime to maximise air-water gas transfer down a stepped cascade.
Conclusion
The present study demonstrates the existence of a transitory flow regime for intermediate flow rates between nappe and skimming flows. The transition flow regime does not have the quasi-smooth free-surface appearance of skimming flows, nor the distinctive succession of free-falling nappes observed in nappe flows. It is characterised by a chaotic behaviour associated with intense splashing and strong free-surface aeration.
The lower and upper limits of transition flows are presented in Table 2 and Fig. 2 . Detailed air-water flow measurements highlight two sub-regimes. For low flow rates, the longitudinal flow pattern is characterised by irregular succession of small and large air cavities at each step, associated with almost linear air concentration distributions (Fig. 3) . For larger flow rates, some cavities are filled and the air concentration distributions have the same shape as in skimming flows (Fig. 4) .
Air-water velocity measurements showed nearly straight distributions at step edges. It is proposed that strong turbulent mixing across the flow contributes to quasi-uniform velocity profiles. Between step edges, the velocity distributions may be predicted by ideal-fluid calculations for free-falling nappes.
In summary the transition flows have very different characteristics from both nappe and skimming flows. Dominant features include intense droplet ejection and spray. Measured air contents were two to three times larger than those recorded in smooth chutes and skimming flows, and the strong aeration might be suitable to enhance air-water gas transfer.
where D t is the air bubble turbulent diffusivity, u r is the bubble rise velocity, α is the channel slope and y is measured perpendicular to the mean flow direction. The bubble rise velocity in a fluid of density ρ w * (1−C) equals: u r = (u r ) Hyd * √ 1 − C where (u r ) Hyd is the rise velocity in hydrostatic pressure gradient (Chanson, 1995b) . A first integration of the continuity equation for air in the equilibrium flow region leads to: 
